ABSTRACT Cytoskeleton is ubiquitous throughout the cell and is involved in important cellular processes such as cellular transport, signal transduction, gene transcription, cell-division, etc. Partial wave spectroscopic microscopy is a novel optical technique that measures the statistical properties of cell nanoscale organization in terms of the disorder strength. It has been found previously that the increase in the disorder strength of cell nanoarchitecture is one of the earliest events in carcinogenesis. In this study, we investigate the cellular components responsible for the differential disorder strength between two morphologically (and hence microscopically) similar but genetically altered human colon cancer cell lines, HT29 cells and Csk shRNAtransfected HT29 cells that exhibit different degrees of neoplastic aggressiveness. To understand the role of cytoskeleton in nanoarchitectural alterations, we performed selective drug treatment on the specific cytoskeletal components of these cell types and studied the effects of cytoskeletal organization on disorder strength differences. We report that altering the cell nanoarchitecture by disrupting cytoskeletal organization leads to the attenuation of the disorder strength differences between microscopically indistinguishable HT29 and CSK constructs. We therefore demonstrate that cytoskeleton plays a role in the control of cellular nanoscale disorder.
INTRODUCTION
Carcinogenesis is a complex multistep process that eventually results in the emergence of a malignant phenotype that often progresses into a fatal metastatic stage (1) . Recent studies indicate that there are molecular changes (such as DNA methylation, genomic and proteomic alterations) in cells that occur before the microscopically detectable morphological alterations in early cancerization (2) (3) (4) (5) . Hence, it is intuitive to imagine that these molecular changes should impact various biochemical, biophysical, and transport processes within the cell to modify its morphology. However, there are several macromolecular compounds and organelles in a cell that work in synchronization to regulate these important physiological processes and maintain the homeostasis of a cell (6) . Among all the functional components of a living cell, cytoskeleton is considered to be the backbone of a cell as it provides the cell its shape and structure (7) . It is pivotal in controlling inter-and intracellular transportation and also plays an important role during cell division and differentiation (1) . The cytoskeletal components participate in the signal transduction and also influence gene transcription in response to the extracellular factors (6, 8, 9) . The cytoskeletal components in the nucleus are involved in DNA cross-linking, transcription control, and chromosome morphology (10) (11) (12) (13) . A few reports indicate that there are alterations in the expression and interactions among several cytoskeletal proteins during early carcinogenesis (14) . Moreover, a number of genes have been identified to regulate the multimolecular focal complexes associated with cytoskeletal proteins and cell cycle progression (15) . Some experiments show the relationship between basement membrane and type IV procollagen mRNA expression that support a direct interaction among extracellular matrix, cytoskeleton, and nuclear matrix (16) . Hence, one could anticipate that these genetic/epigenetic alterations would result in active nanoarchitectural changes within a cell during early carcinogenesis. Therefore, it is imperative to understand the changes in cytoskeleton organization during early carcinogenesis. Researchers have been using several imaging techniques such as immunofluorescence, fluorescence correlation spectroscopy (17, 18) , and quantification by immunohistochemistry with nanoparticles to study the cytoskeleton organization (19) . For example, Nadakavukaren et al. (20) visualized cytoskeletal elements such as actin, keratin, and vimentin in rat epithelial cells by indirect immunofluorescence. Similarly, Wang et al. (21) studied GFP mutant-enhanced cyan fluorescent protein and its tubulin fusion using fluorescence correlation spectroscopy. They also showed that analysis of the molecular brightness can provide a new avenue for studying the polymerization state of tubulin. Immunofluorescence microscopy was used to study microtubule cytoskeleton during conjugate division in the dikaryon Pleurotus ostreatus N001 (22) . However, studying these nanoscale modifications in cellular organelles have been stymied due to the need for an extrinsic contrast agents or due to the diffraction limited resolution of traditional light microscopy that limits the smallest structure (~300 nm) that can be visualized.
Light scattering, on the other end, offers the potential to probe cell and tissue architecture due to its ability to detect the structure dependent signatures in wavelength (23) (24) (25) (26) (27) . However, light scattered by cells and tissues is typically recorded after its three-dimensional propagation within tissue and hence its sensitivity to subwavelength length scales decreases due to Fourier transform relationship between the scattering signal and scattering potential (28) . Our group developed recently a spectroscopic microscopy technique called single cell partial wave spectroscopic (PWS) microscopy, which can quantify the statistical properties of nanoarchitecture of an isolated cell (29, 30) . This technique takes the advantage of both the diffraction-limited localized structural information provided by microscopy and the subdiffractional sensitivity of spectral signatures (29, 31) . PWS has proved its potential in capturing early carcinogenic events in the uninvolved mucosa from the field cancerization in the colon, the lung, and the pancreas (32) . This technique is based on the mesoscopic light transport theory according to which a signal in one dimension arising due to multiple interferences of light waves within a sample of weak refractive index is sensitive to any length scale of refractive index fluctuations. Because the optical refractive index is linearly related to the local mass density of macromolecules, (that is, refractive index n ¼ n o þ ar where n o is the refractive index of the medium, r is the portion of intracellular solids by volume that is mass density, and a is a proportionality coefficient with a constant value of 0.186 for most of the intracellular compounds (6, 33, 34) ), the spectrum of the one-dimensional scattering signal contains information about particles whose length scales are well below the wavelength of visible light (35) (36) (37) . Due to this unique sensitivity to the structures of submicron size, PWS was capable of measuring nanoscale refractive index fluctuations within genetically modified human colon cancer cell lines, HT29 cells and its genetic knock-downs, Csk shRNA construct (more aggressive than HT29 cells), and EGFR shRNA construct (less aggressive than HT29 cells) by quantifying their nanoscale disorder (29) . PWS was able to differentiate among these three cell-types based on the disorder strength of intracellular nanoarchitecture. The disorder strength (L d ) is defined as the product of the variance hDn 2 i and the correlation length l c of the refractive index fluctuations: (29, 30) . It is to be noted that hDn 2 i is linearly proportional to the variance of the spatial fluctuations of local macromolecular concentration within a cell (that is, L d ¼ a 2 hDr 2 i l c ); whereas l c corresponds to the size of these macromolecular compounds.
In this study, we attempt to understand the biological origin of the increase in the nanoscale disorder strength that was observed in human colon adenocarcinoma cell line, HT29 control cells and Csk shRNA-transfected HT29 cells. We first study the contribution of the nucleus and the cytoplasm to the intracellular disorder strength. Our results indicate that both the nucleus and the cytoplasm participate in determining the disorder strength differences between the two cell types indicating that the differences are not confined to a specific region but are distributed throughout the cell. Because the cytoskeleton is ubiquitous throughout the cell, we next investigate the role of the cytoskeleton in determining the differences in the disorder strength between the control HT29 and the Csk shRNAtransfected HT29 cells.
In most eukaryotic cells, cytoskeleton is made up of three major components: the actin microfilaments (~6 nm in diameter) that are important for maintaining shape of the cell, inter-and intracellular transport, etc.; the microtubules (~23-25 nm in diameter) that contain tubulin protein and are important for intracellular transport and during cell division by forming spindle fibers; and the intermediate filaments (~10 nm in diameter) that are made of family of proteins (such as keratin, desmin, peripherin, etc.), which play role in maintaining cell shape and internal organization of the cell (6, 38) .
To investigate if cytoskeleton is responsible for the control of the disorder strength, we achieved pharmacological disruption of cytoskeleton using cytochalasin D (to rupture actin microfilaments) and colchicine (to perturb tubulin polymerization and hence microtubule organization) and demonstrated the attenuation of difference between disorder strengths in HT29 and Csk shRNA-transfected HT29 cells. Although there have been some notable efforts in investigating the cytoskeleton dynamics in HT29 cell line (39, 40) to understand apoptotic processes and cell differentiation, to our knowledge, this is the first study that explores the underlying mechanism that gives rise to the disorder strength differences in genetically altered cell lines exhibiting differential neoplastic behavior-HT29 and Csk shRNA constructs.
MATERIALS AND METHODS

Measurements using PWS
The schematic of the first generation PWS system is reported in Subramanian et al. (29, 30) . In the earlier instrumentation, the image of a single isolated cell on a cytology slide was obtained by spatially scanning the slit of a spectrograph and imaging the slit onto a charge-coupled device (CCD) camera. However, the spatial scanning of the spectrograph with a scanning stage leads to slow data collection (~4-5 min for a single cell).
To mitigate this issue, we have designed the second generation instrument that replaces the spectrometer-scanning stage combination with a liquid crystal tunable filter (LCTF; CRi, Woburn, MA) resulting in a faster acquisition rate (~4-5 s for a single cell). The schematic of this newer version of the PWS system is shown in Fig. 1 . A nearly plane wave of the white light from the Xenon lamp (150 W; Oriel, Stratford, CT) is collimated by a 4f-lens relay system and focused onto a sample by a low numerical aperture (NA) objective (NA of objective ¼ 0.4, NA of illumination ¼ 0.2, NA of collection ¼ 0.4; objective lens from Edmund Optics, Barrington, NJ). The objective lens contains a correction collar to compensate for any aberrations. The backscattered image is then projected through the LCTF (spectral resolution ¼ 7 nm) on to a CCD camera. The LCTF collects the backscattering image of a cell at a particular wavelength between 400 nm and 700 nm and projects it onto the CCD camera thereby avoiding the Biophysical Journal 99(3) 989-996 need for spatially scanning each pixel in the cell as was done previously (29, 30) . Hence this generates a three-dimensional data cube for the reflected intensity I(l; x,y) where (x,y) refers to a specific pixel in the object plane and l is the wavelength. After normalizing each pixel by the corresponding incident light profile (using a mirror), we generate R(l; x,y) that is referred to as the fluctuating part of the reflection coefficient. The spectral fluctuations between wavelength range of 500-700 nm (to avoid the lower intensity regions at the lower wavelengths and to get rid of the noise from the camera) are further analyzed by means of 1D mesoscopic light transport theory (32, 35, 36, 41) 
where hRi is calculated by taking the root mean-square value of the spectrum R(k) whereas C(Dk) is the autocorrelation function of the spectrum R(k). 
Statistical methods
All p values were calculated using standard Student's t-tests. The effectsize between two groups was calculated from the average disorder strength, L ðgÞ d
and its SD, s
. It is defined as, effect 
Sample preparation
Cell culture HT29 cells were grown in McCoy's medium mixed with 10% fetal bovine serum þ 50 mg/mL penicillin/streptomycin under 5% CO 2 environment at 37 C. CSK (C-terminus Src kinase) shRNA-transfected HT29 cells were grown under similar conditions in the same medium with addition of hygromycin (600 mg/mL). For the experiments,~25,000 cells were plated in each chamber of the sterile glass chamber slides and incubated for 6 h under standard conditions. All the experiments were carried out for cells between passages 9-15. The variability between different passages was negligible.
Cytochalasin D and colchicine treatment
Plated cells were treated with 0.15 mM cytochalasin D (Sigma-Aldrich, St. Louis, MO) for 15 min and 10 mM colchicine (Sigma-Aldrich) for 30 min separately. We carried out dose-response studies using microscopic abnormalities as an endpoint and picked this specific minimal dose that reliably would not alter microscopic appearance of the cells to avoid confounding effects such as toxicity to drug. The aim of the concentration-duration versus growth curve experiments was to arrive at the minimum concentration and time duration required to induce nanoarchitectural alterations in the cells to achieve morphologically comparable populations of HT29 cells and CSK constructs without any obvious microscopic differences after treatment. The chamber slides were washed with cold phosphate buffered saline and cells were fixed under chilled 70% ethanol. Chamber slides, thus prepared, were stored at 4 C keeping cells submerged in 70% ethanol.
For PWS analysis, we randomly selected 50-70 cells for each cell type from two to three different set of slides for both the untreated as well as the cytochalasin D and colchicine treated cases. The SD of the average intracellular disorder strength for different set of slides within each group was negligible. The slide-to-slide variability for different preparation turned out to be statistically nonsignificant (Student's t-test, p > 0.25).
Confocal microscopy
Approximately 50,000 cells were grown overnight on glass coverslips. Cells were then fixed in 4% paraformaldehyde for 20 min on ice and washed twice with Dulbecco's phosphate buffered saline (American Type Culture Collection, Manassas, VA) for 5 min each. Cells were then permeabilized using 0.1% Triton X-100 in PBS for 20 min at room temperature. Blocking was carried out using 1% bovine serum albumin in PBS for 20 min. Cells were then either incubated for 2 h with AlexaFluor 555 conjugated to anti-b-tubulin (Cell Signaling, Beverly, MA) or for 30 min with AlexaFluor 488 conjugated to phalloidin (Invitrogen, Carlsbad, CA). Chromatin staining was then carried out using TOPRO3 (Invitrogen) for 15 min. Finally, the coverslips were mounted in ProLong Gold antifade reagent (Invitrogen) onto glass slides. Specimens were analyzed using an inverted confocal microscope (Leica SP5 with Leica Systems software). The optimum z resolution was used for acquiring z-stack files of individual cells.
We then carried out a three-dimensional reconstruction of the Confocal images for all the cell types using a specialized imaging software, Volocity (PerkinElmer, Wellesley, MA). MATLAB (The MathWorks, Natick, MA) was used to estimate the percentage of cytoplasm layer on top and bottom of a cell nucleus and to determine its contribution toward the nuclear disorder strength. As indicated in Fig. 2, b and d , there appears to be a total of 10-15% of cytoplasm on top and bottom of the nucleus and the disorder strength calculations suggest that this is a negligible amount compared to the DL d between HT29 and Csk shRNA-transfected HT29 cells.
RESULTS AND DISCUSSION
We first carried out PWS analysis on the entire cellular region of the colon cancer cell line, HT29 cells and its genetic variant, Csk shRNA-transfected HT29 cells, which showed statistically significant (effect-size ¼ 100%, p < 0.00001) increase in the disorder strength for the more aggressive CSK constructs compared to HT29 cells. These results indicate that the increase in disorder strength parallels the genetic events within the cells that lead to rapid proliferation of the Csk shRNA constructs compared to HT29 cells (29) .
Next, we studied the contributions of nucleus and cytoplasm independently toward disorder strength of the cells. To identify the nuclear and cytoplasmic region accurately, we imaged the cells using confocal microscope according to the standard protocol (detailed in Materials and Methods). Fig. 2 , a and c, shows a typical three-dimensional confocal microscopy image of an HT29 and a Csk shRNA-transfected HT29 cell that has been stained using TOPRO3 (nuclear chromatin stain) and anti-b-tubulin (cytoplasmic tubulin stain). Aided with this information, the disorder strength was calculated separately for nucleus and cytoplasm. It is to be noted that although the nuclear and cytoplasmic stains were used to obtain confocal images, independent PWS measurements were obtained from cells that were not stained with any type of staining reagents.
The PWS quantification on the nuclear region (depicted in Fig. 2 ) indicated a highly statistically significant increase (effect-size ¼ 117%, p < 0.00001) in the average disorder strength for the nuclei of untreated Csk shRNA-transfected HT29 cells compared to the control HT29 cells (Fig. 2 e) . A similar trend of statistically significant increase in the average disorder strength (effect-size ¼ 25.3%, p < 0.05) was also observed in the cytoplasmic region of these celltypes (Fig. 2 f) . These results suggest that both nucleus as well as the cytoplasm contribute to the increase in disorder of the highly proliferative Csk shRNA constructs as compared to HT29 cells. It seems that disorder is more pronounced in the nuclear region (effect-size of 117%) compared to the cytoplasmic region (effect-size of 25.3%) that can be attributed to modifications in the nuclear organization of the more aggressive CSK constructs compared to the control HT29 cells.
To establish the biological origin of disorder strength, we hypothesized cytoskeleton to be the major contributor toward the disorder strength, due mainly to its presence everywhere in the cell. The correlation between disorder strength and cytoskeleton was obtained by specifically targeting microfilaments and microtubular components of cytoskeletal organization using specific pharmacological agents.
Treatment with cytochalasin D
Cytochalasin D, a fungal metabolite known to inhibit actin polymerization, was used to disrupt microfilament organization in HT29 and Csk shRNA-transfected HT29 cells. The purpose of targeting actin filaments was its widespread presence throughout the cell. Therefore, disrupting the actin microfilaments will change the cytoskeletal organization in both the nucleus and the cytoplasm. We treated cells with minimum concentration and duration (0.15 mM for 15 min) to avoid any confounding and to achieve microscopically comparable populations of HT29 and CSK constructs with minimal changes in their morphology.
We first measured the average disorder strength obtained from the entire cell of HT29 and Csk shRNA-transfected HT29 cells. A significant decrease in the average disorder strength was observed in the both cell types compared to their untreated counterparts. This indicates that the cytoskeleton disruption induced by cytochalasin D treatment has translated into decreased average disorder strength. A more important question, however, is the biological mechanism There appears to be negligible cytoplasm (~10-15%) on top and bottom of the nucleus. (e and f) Results of PWS analysis carried out independently on nuclear and cytoplasmic region of both the cell constructs respectively. There appears statistically highly significant difference (p < 0.00001) in the average disorder strength, calculated from the nuclear region of HT29 cells and CSK constructs. Also, there is a significant (p < 0.05) difference, DL d observed in cytoplasmic region of these cell constructs.
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underlying the difference in disorder strength, DL d between the cell types. On analyzing the nuclear region of the treated cells separately, we observed a minimal difference in the disorder strength between HT29 and CSK constructs (Fig. 3 a) . That is, the significant DL d , that was otherwise observed between the nuclei of untreated HT29 and CSK cells was nullified (p value ¼ 0.54) and the effect-size reduced from 117% in untreated cells to 8.1% in cytochalasin D-treated cells. This critical result implied that cytoskeleton indeed plays an important role in determining the difference in disorder strength observed in the HT29 cells and Csk shRNA constructs. There are conflicting reports about the presence and nature of actin in the nucleus. However, there is convincing evidence of the active role that nuclear actin has in gene transcription and signal transduction (8, 13, 42, 43) , DNA cross-linking (10), and in determining higher-order chromatin structure and chromosome morphology (12) . Hence, we hypothesize that actin is an integral part of nuclear architecture and disrupting its network with cytochalasin D leads to attenuation of the difference in the nuclear disorder strengths of HT29 and Csk shRNAtransfected HT29 cells.
We then carried out PWS analysis on the cytoplasmic region of the same cells. As indicated by Fig. 3 b, the DL d reduced substantially (effect-size ¼ 5%, p value ¼ 0.66). Comparing the differences in the cytoplasm for the untreated cells, this was a significant reduction of disorder strength difference. Attenuation of DL d in the cytoplasmic region of HT29 cells and Csk shRNA-transfected HT29 cells is the direct result of disruption of actin microfilament organization (44) in the cytoplasm of HT29 cells and Csk shRNA-transfected HT29 cells.
Treatment with colchicine
We next selected treatment with colchicine to selectively inhibit the microtubule polymerization due to its specific binding with tubulin (39) . This treatment was carried out to evaluate the DL d between the two cell types if we were to induce cytoskeletal changes only in the cytoplasm without disturbing the cytoskeletal elements of the nucleus as microtubules are only present in the cytoplasm. We therefore hypothesized that treatment with colchicine should render significant DL d in nuclear region while attenuating it in the cytoplasmic region.
We treated both the HT29 cells and CSK constructs with a minimum dosage of colchicine (10 mM for 30 min) to induce microscopically comparable morphological changes. On carrying out PWS analysis on the nucleus of both the cell types, a statistically significant DL d was observed between the HT29 and CSK constructs (effect-size ¼ 42.2%, p value ¼ 0.002), a similar trend to the nuclear region of untreated cell types (Fig. 4 a) . This significant DL d indicates that the colchicine treatment had little effect on the nucleus. However, as shown in Fig. 4 b, the difference in the cytoplasmic disorder strength between HT29 and Csk shRNA-transfected HT29 cells was reduced significantly (effect-size ¼ 2.1%, p value ¼ 0.87) due to the treatment with colchicine. These results confirmed the hypothesis that DL d of the cytoplasm would diminish while leaving the nuclear DL d intact. Also, this selective rupture of cytoplasmic cytoskeleton strengthened our original hypothesis regarding the role of cytoskeleton in determining the difference in disorder strength between the two cell types.
In summary, the goal of this study was to identify the biological mechanism/s responsible for the disorder strength differences in the morphologically comparable cells with different aggressiveness; using human colon cancer cell line, HT29 cells, and Csk shRNA-transfected HT29 cells as a model system. By carrying out cytochalasin D and colchicine treatments selectively on these cell-types, we arrive at two major conclusions: 1), the significant difference in disorder strength between the untreated HT29 cells and CSK constructs is observed in both the nucleus and the cytoplasm instead of being limited to a specific region (albeit the effect-size was greater in the nucleus); and 2), one of the underlying biological origins of this difference in disorder strength is due to the cytoskeleton organization in these cellular compartments. By disrupting the actin microfilaments using cytochalasin D, the difference in disorder strength between these genetically modified cell lines is nullified in both the nucleus and cytoplasm of the cells. This falls in line with our hypothesis that because actin filaments are ubiquitously present throughout the cell, the disruption of their network with cytochalasin D would lead to the attenuation of nuclear as well as cytoplasmic disorder strength differences between HT29 cells and CSK constructs. Treating the HT29 and CSK constructs with colchicine negates the differences in disorder strength in the cytoplasm, while leaving the differences in nuclear disorder strength intact. This can be explained on the basis of strictly cytoplasmic localization of microtubular network in undividing cells. Overall, these results indicate that cytoskeleton is one of the major determinants of the disorder strength. In addition, they indicate that cells with different neoplastic aggressiveness could be expected to have different cytoskeletal architecture and hence different disorder strengths despite having comparable microscopic appearances. Moreover, this study implies that PWS instrument could be a potential tool for assessing alterations in cytoskeletal organization even in microscopically similarappearing cells. Herein, for the untreated HT29 and CSK constructs, it seems that there is a statistically significant gradient increase in the disorder strength that parallels higher neoplastic potential. The increase in disorder strength can be attributed to the increase in the intracellular mass-density (refractive-index) fluctuations and/or increase in the size of the macromolecular complexes (lc). As reported previously (29) , the increase in lc can be correlated to the increase in fractal dimension of subcellular structures (45) (46) (47) and to the increase in the average and SD of the log-normal size distribution of particles (48, 49) .
It is well known that cell morphology, from nano-to microscale, is linked strongly to various biochemical, biomechanical, biophysical, and transport processes within the cell. Moreover, cytoskeleton shares a complex relationship with cellular processes (6) . Cytoskeleton organization has been found to be defective in the cultured fibroblasts of patients with inherited adenocarcinoma in colon and rectum (50) . There are reports that quantify altered amounts of different types of actin in nucleus and cytoplasm during tumorigenesis and during transformation and differentiation in bladder cells (1, 51) . The difference in disorder between HT29 cells and Csk shRNA constructs can be thought of as an indication of an early stage when these nanoscale molecular changes originate and get translated to nanoarchitectural modifications.
Although our results show one of the molecular mechanisms that can be responsible for elucidating intracellular disorder strength differences between HT29 and CSK constructs, there may be several other independent or correlated mechanisms that could play a critical role in determining the disorder differences between HT29 and Csk shRNA-transfected cells. Future studies will be required to elucidate these potential effects. 
